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Barley, increasingly recognized for its health benefits, contains bioactive compounds like beta-glucans
and (poly)phenols. Newly developed purple barley varieties, enriched with anthocyanins, offer potential
gut health benefits. This study examined the effects of a hull-less, purple-grain barley genotype, con-
sumed as whole-grain or isolated fractions (bran and endosperm), on gut microbiota and inflammation in
a murine model. Fifty male and female BALB/cB&J mice were assigned to five diets over six weeks: stan-
dard diet (SD), rice diet (RD), whole-grain barley (WGB), anthocyanin-rich barley bran (BB), and beta-
glucan-rich endosperm (PG). The BB diet triggered anti-inflammatory signals as it reduced IFN-y and IL-4
in females, lowered TNF-a in both sexes, and decreased C-Reactive Protein (CRP) in males compared to
SD. The PG diet improved gut barrier integrity by lowering LPS-binding protein levels. Barley-based diets
enhanced gut microbiota diversity, particularly, by increasing beneficial bacteria like Lactobacillus,
Lachnospiraceae UCG-001, and Akkermansia. Notably, BB and PG elicited stronger effects than WGB,
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bioavailability of key bioactive compounds. These results underscore the benefits of purple barley-derived
fractions in promoting gut health and reducing inflammation, supporting their potential role to protect

rsc.li/food-function against inflammation-related conditions.
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1. Introduction

Numerous studies highlight the benefits of cereal consump-
tion for health, particularly in the prevention of chronic
diseases.”” The European Food Safety Authority (EFSA) has
recognized the health-promoting properties of oats and barley,
particularly due to their content of beta-glucan, a soluble fiber
known to improve heart health and aid in the control of blood
sugar levels.? Specifically, the consumption of barley has been
linked to a reduced risk of chronic diseases, such as cardio-
vascular disease, type 2 diabetes, and certain cancers, which
can be attributed to its bioactive compounds.*” Despite this,
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barley is not a popular grain in Spain, being primarily used by
the brewing industry rather than as a staple food.

Gut health relies on the digestive tract’s ability to effectively
digest and absorb nutrients, block harmful substances from
entering the bloodstream, and maintain a balanced immune
system, with the gut microbiota playing a crucial role in sup-
porting these functions.® Dietary fibers and (poly)phenols,
such as those in barley, promote beneficial gut bacteria, which
helps reduce inflammation and strengthen gut barrier integ-
rity, highlighting the importance of diet in gut health.’

The presence of beta-glucan in the diet has been shown to
promote the growth of beneficial bacteria, which can enhance
gut health and boost the immune system.'® The beta-glucan in
barley passes through the upper intestinal tract undigested,
reaching the distal intestinal tract where it serves as a carbon
source for beneficial gut bacteria.’* This interaction between
barley and the gut microbiota may play a crucial role in the
health benefits associated with barley consumption, including
its anti-inflammatory effects.

Cereals displaying black, purple, blue or red pigments are
gaining attention due to their rich (poly)phenolic content.
Colored grain barley, enriched with anthocyanins (ACN),
presents significantly higher levels of antioxidant capacity
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compared to common barley varieties.'> ACN, in addition to
protecting against metabolic risk diseases, can reduce the
degree of inflammation.”® Studies in rodents have shown that
88-94% of dietary ACN and other (poly)phenols are recovered
in the intestinal tract and feces, where they are biotransformed
by the gut microbiota into simpler phenolic compounds. This
transformation allows (poly)phenols to exert bioactivity
enabling them to remodel the gut microbiota and reduce
inflammation.™*

Considering the connection between gut microbiota and
host inflammation, we hypothesize that barley can reduce
inflammation through the gut microbiota regulation.
Specifically, we aim to understand how a diet enriched with hull-
less and purple grain barley, in its whole-grain form or as isolated
bioactive-rich fractions, affects these parameters. Using BALB/
cB&J mice we seek to uncover the effects of barley-based diets on
gut microbiota composition and inflammatory processes.

2. Materials and methods

2.1. Plant material

The double haploid barley line 151340, a hull-less and purple-
grain barley, was used in this study. This genotype was pro-
vided by Semillas Batlle SA (Bell-lloc d’Urgell, Lleida, Spain).
Whole-grain barley and its isolated fractions (bran and endo-
sperm) were used to prepare the supplemented diets. Whole-
grain barley was pearled using a TM-O5C pearling machine
(Stake Corporation, Hiroshima, Japan) at 1060 rpm. During
this process, the outer layers of the grain were gradually
removed through abrasion, resulting in a weight loss equi-
valent to 10% of the original grain weight. This removed frac-
tion corresponded to the bran layer, while the remaining inner
fraction was the endosperm. Both fractions, along with whole-
grain barley, were milled to a particle size smaller than
0.5 mm (Foss Cyclotec 1093TM mill, Foss Iberia, Barcelona,
Spain) before inclusion in the diets.

2.2. Preparation of diets

Five diets were used in this study and were prepared as
follows. The purified standard diet (SD) (Envigo Teklad Diets;
TD.94045; AIN-93G Purified Diet) served as a baseline allowing
to measure the effects of the experimental barley-based diets
against a basic nutritional standard. Unlike chow diets, which
include (poly)phenol-rich plant ingredients, the purified diet
was designed to exclude these sources, minimizing (poly)
phenol content. The SD included casein as a protein source,
L-cystine, corn starch, maltodextrin, soybean oil, sucrose, cell-
ulose, vitamins, choline bitartrate and minerals. The refined
rice diet (RD), formulated using refined long-grain white rice
(Nomen, Spain), provided a comparison with a cereal lacking
barley’s bioactive compounds, such as (poly)phenols and beta-
glucans. To prepare the experimental barley diets, purified diet
pellets and barley fractions were crushed in a mill (MC300132,
Moulinex, Alencon, France) until a homogeneous powder was
obtained and mixed in different proportions. The whole-grain
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barley diet (WGB) was formulated with a ratio of 75% purified
diet and 25% whole-grain barley, while the pearled barley grain
diet (PG) consisted of 80% purified diet and 20% pearled barley
grain to match the beta-glucan dosage of the WGB diet. The
barley bran diet (BB), on the other hand, comprised 95% puri-
fied diet and 5% barley bran to deliver the equivalent ACN dose
in WGB but without beta-glucans. The RD diet was obtained by
mixing 25% refined white rice and 75% purified diet. Distilled
water was added, the mixture was homogenized, and diet pellets
were prepared and lyophilized using a Lyobeta 15 TELSTAR
Lyophilizer (Terrassa, Spain). The approach followed to formu-
late the experimental diets was to normalize as much as poss-
ible carbohydrates, proteins, and caloric density to SD. Barley-
supplemented diets were designed to achieve a supplemen-
tation of (poly)phenols and beta-glucans based on the human
equivalent dose of 140 mg day " of ACN (WGB and BB) and 8 g
day ™" of beta-glucans (WGB and PG), according to."
Beta-glucan and arabinoxylan contents of diets were deter-
mined by means of the mixed-linkage beta-glucan assay
(K-BGLU) and p-xylose assay (K-XYLOSE) kits from Megazyme
(Wicklow, Ireland) (For more details, consult ESI Table 17). To
extract and analyze the (poly)phenolic compounds, the meth-
odology used follows the approach reported by;'® further
details are provided in ESI Table 2.1 For specific details regard-
ing the energy densities and nutritional compositions of the
control and experimental diets, please refer to ESI Table 1.f

2.3. Ethical considerations

The animal procedures were conducted in accordance with the
guidelines of the European Communities Directive 2010/63/EU
regulating animal research. The protocols were approved by
the Animal Ethical Committee of the University of Lleida
(CEEA of UdL 03-03/20) and performed under a Generalitat de
Catalunya Project License (10038). The study complies with the
ARRIVE guidelines developed by the NC3Rs."”

2.4. Animals and experimental procedure

A total of 50 BALB/cB&] mice (25 males and 25 females) at 4
weeks of age were purchased from Charles River Laboratories
(Barcelona, Spain). Individuals were acclimated to the animal
facility with ad libitum access to tap water and the standard diet
and then were fed the experimental diets starting at 6 weeks of
age. Animals, with a mean body weight of 22.57 + 1.25 g in males
and 17.90 + 0.44 g in females, were allocated to the five different
groups, each comprising 10 animals, 5 males and 5 females.
Experimental diets were offered for a period of 6 weeks. Animals
were housed in cages of 5 mice per cage on a 12 h light-12 h
dark schedule. Temperature was controlled at a mean of 21 +
1 °C throughout the experiment, levels of CO, were controlled as
well, and humidity was at 55 + 10%. Feed intake per cage and the
body weight of each mouse were recorded every 3 days. Moreover,
fecal samples were collected at defecation time at the beginning
(6 weeks old, Ty), at the middle (9 weeks old, T;), and at the end
of the experiment (12 weeks old, T3).

At the end of the experimental period, mice were sacrificed
by an intracardiac perfusion after isoflurane anesthesia

This journal is © The Royal Society of Chemistry 2025
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(IsoFlo, Veterinarian Esteve, Bologna, Italy). Blood samples
were collected in EDTA tubes, and plasma samples were
obtained by centrifugation (3000g, 10 min at 4 °C) and stored
at —80 °C. After blood collection, mice were perfused with an
isotonic solution of sodium chloride (0.9%) to remove the
remaining blood in tissues. The descending colon tissue was
excised, longitudinally opened, gently cleaned from fecal
matter, and preserved in paraffin to perform histological ana-
lysis. The brain was stored in 4% paraformaldehyde, cryopro-
tected with 20% sucrose, and blocks were made with OCT
Cryostat Mounting Media to subsequently make sections and
perform immunohistochemistry assays. Individual ileum
content and fecal samples were collected and stored at —80 °C
in order to analyze the microbiota composition. The design of
the study is shown in Fig. 1.

2.5. Inflammatory and immune biomarkers in plasma

C-Reactive Protein (CRP) was analyzed in serum samples using
a commercial kit (Mouse CRP ELISA Kit, product number
RAB1121, lot Number 0112J0564, Sigma Aldrich). Serum
samples were used with a dilution of 2000-fold. The lipopoly-
saccharide-binding protein (LBP) was analyzed in serum
samples using an enzyme-linked immunosorbent assay
(ELISA) (Mouse LBP SimpleStep, ab269542, Abcam) with a
dilution factor of 3. A MILLIPLEX Mouse High Sensitivity
T-cell Magnetic Bead Panel (96-Well Plate Assay,
MHSTCMAG-70K, Merck Millipore) was used to assess the
levels of serum cytokines including interleukins IL-1a, IL-2,
IL-4, IL-6, interferon-gamma (IFN-y), and tumor necrosis
factor-a (TNF-a) after a serum dilution 1: 1.

2.6. Colon histological and immunohistochemical analysis

Descending colon samples were preserved in formalin between
24 and 48 hours. All of them were placed on “Vogel V0-5-8100”
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cassettes. The processing of the samples was carried out with
a dehydration by immersion in increasing concentrations of
alcohol. Then, samples were immersed in liquid paraffin in a
“Myr EC 500” embedding apparatus to facilitate sectioning
with a rotary microtome (ThermoScientific HM325) calibrated
at a thickness of 5 pm. The sections were stained with a hema-
toxylin-eosin stain and a PAS stain (Periodic Acid-Schiff) and
mounted on the coverslip. The histological preparations were
studied with an optical microscope (Olympus BX50) equipped
with an Olympus SC50 camera interfaced with the Cell Sens
Entry® Olympus software.

An immunohistochemical (IHC) analysis of the colon tissue
collected from each animal was performed, using the
MUC2 monoclonal antibody (Thermofisher Scientific,
Waltham, MA, USA). In order to count the percentage of the
area occupied by the IHC staining, the Image] program was
used, by adjusting the threshold color, the saturation to the
area of interest and subsequent analysis. Finally, PAS staining
was performed using Alzian-blue following the company’s
protocol.

2.7. Brain F4/80 immunohistochemical analysis

Criostat brain samples were sectioned at the hippocampus
region with a criotome (ThermoScientific HM325) calibrated at
a thickness of 15 pm. The sections were stained with a hema-
toxylin-eosin stain and mounted on the coverslip. The histo-
logical preparations were studied with an optical microscope
(Olympus BX50) equipped with an Olympus SC50 camera
interfaced with the Cell Sens Entry® Olympus software. An
immunohistochemical analysis of the brain hippocampus
tissue collected from each animal was performed, using the
R&d system Mouse F4/80/EMR1 monoclonal antibody (Clone
521204, R&D systems, Canada, USA) to label the immunity-
related microglia cells. The Image] software was used to count
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Fig. 1 Experimental design of the study. SD: standard diet, 100% AIN-93G purified diet; RD: rice diet, formulated with 25% rice and 75% purified SD
diet; WGB: whole-grain barley diet, formulated with 25% whole-grain barley and 75% purified diet; PG: pearled barley diet, formulated with a ratio of
20% pearled barley grain and 80% purified diet (equivalent beta-glucan dose of the WGB diet); BB: barley bran diet, formulated with 5% barley bran
and 95% purified diet (equivalent anthocyanins dose of WGB without beta-glucans).

This journal is © The Royal Society of Chemistry 2025
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the intensity of the colored IHC staining with respect to the
total image. The following regions were selected to measure
the F4/80 antibody within the hippocampus: DG (dentate
gyrus), CA3, and CA1 according to."®

2.8. Statistical analysis

Inflammatory biomarkers, colon and brain immunohisto-
chemical analysis are presented as the mean + SD or SEM for
inflammatory biomarkers in serum. Two-way ANOVA analysis
was used for comparison between diets by sex with SPSS 22.0
software. Student’s unpaired t-test for comparison of means
was used to compare between two groups. The non-parametric
Mann-Whitney U-test was used to calculate differences for
multiple group comparison. p-Value < 0.05 was considered
statistically significant.

2.9. Bacterial DNA extraction and 16S rRNA gene sequencing

Total bacterial DNA was isolated from ileum (N = 50) and fecal
(N = 150) samples using the HigherPurity™ Soil DNA Isolation
Kit (Canvax Reagents SL, Valladolid, Spain), according to the
manufacturer instructions and with the following modifi-
cations: frozen wet samples (0.1 g) were disrupted twice in a
bead homogenizer (BeadMill 4, ThermoFisher) with two boro-
silicate 2 mm beads and the kit’s lysis buffer, and incubated at
95 °C for five minutes. Then, sample tubes were spun at
10 000g for 30 seconds and the supernatant was transferred to
a fresh tube to follow with the manufacturer instructions. In
the final step, the DNA was eluted from the column in a
volume of 100 pl. DNA concentration and quality were evalu-
ated by spectrophotometry (Nanodrop-100, ThermoFisher) and
fluorometry with the dsDNA HS Assay kit (Qubit 4, Invitrogen,
Carlsbad, CA). Then, to assess the microbiota composition of
mice, the hypervariable region V3-V4 of the 16S rRNA was
amplified using primers previously described in'® and
sequenced with paired-end reads using the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) at the Centre for
Genomic Regulation (CRG, Barcelona, Spain). Raw sequence
reads were processed into Amplicon Sequence Variants (ASVs)
using the Divisive Amplicon Denoising Algorithm 2 (DADA2)
pipeline.”® Briefly, raw sequence reads were filtered to remove
low-quality bases, primers and adapter sequences were
trimmed, and ASVs were created and denoised. Chimeric
sequences were identified and removed, taxonomy was
assigned using the SILVA database,*! and singletons were fil-
tered out. After data processing, each sample had an average
of approximately 61 930 sequencing reads, and the final ASV
table contained a total of 12840 ASVs from 198 samples
(ileum (N = 49) and feces (N = 149)).

2.10. Microbial alpha-diversity, beta-diversity and differential
abundance analysis

The microbiota composition of ileum and fecal samples were
analyzed separately at the genus level. The alpha- and beta-
diversities were assessed in order to investigate the effects of
(i) diet on the microbiota composition of ileum and fecal
samples and (ii) time on the microbiota composition of fecal
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samples. In addition, differential abundance analyses (DAA)
were carried out to detect differentially abundant genera
between the different diets. Data were rarefied to an even
depth for the alpha- and beta-diversity analyses. The alpha-
diversity of each sample was evaluated by the observed and
Shannon indices using the phyloseq package in R.>*> Analyses
of variance were performed for each alpha-diversity index of
ileum samples using a linear model including the fixed effects
diet (5 levels) and sex (2 levels), as well as the body weight at
T, as a covariate. The effect of time (3 levels) and the inter-
action between diet and time were added to the model when
analysing fecal samples. Statistical analyses were performed
using JMP Pro v16 (SAS Institute Inc, Cary, NC, USA). Beta-
diversity was assessed by the Bray-Curtis distance using the
phyloseq package. Non-metric multidimensional scaling was
performed to visualise possible sample clustering. Further,
Permutational Multivariate Analysis of Variance (PERMANOVA)
based on Bray-Curtis distances was performed for ileum and
fecal samples at T, to assess dissimilarities between the mice
microbiota composition using the adonis2 function in
R. Finally, DAA were performed to detect differentially abun-
dant genera among diets at the end of the experiment (75).
DAA were carried out using the analysis of compositions of
microbiomes with bias correction (ANCOM-BC)** in R. Five
contrasts were investigated: (i) SD vs. barley, where barley
refers to WGB, PG and BB, (ii) RD vs. barley, (iii) WGB vs. BB,
(iv) WGB vs. PG, and (v) PG vs. BB. To overcome multiple
testing, p-values were corrected by a false discovery rate.
Genera with a false discovery rate lower than 0.05, and a log
fold-change higher than 2 or lower than —2 were deemed stat-
istically significant and, therefore, were further investigated to
better understand their associations with the different diets.

3. Results

3.1. Daily dose of (poly)phenolics and dietary fiber
administered through diets

The characterization of (poly)phenols and key dietary fiber
components, including beta-glucans and arabinoxylans, was
performed to assess their potential biological activities based
on the product administered. The dose of beta-glucans was
similar between WGB and PG diets (1.3 and 1.2 g per 100 g,
respectively), while BB contained only 0.1 g per 100 g (ESI
Table 11). Regarding total arabinoxylans content, WGB con-
tained the highest levels (1.6 g per 100 g diet), followed by BB
(1.1 g per 100 g diet) and PG (0.8 g per 100 g diet) (ESI
Table 17). The daily dose of total (poly)phenols administered
through WGB, BB and PG was 1467.23 + 15.75, 1098.22 + 5.53
and 817.83 + 32.90 pg per day per mouse, respectively (ESI
Table 2 and ESI Fig. 11). The analysis of (poly)phenolic com-
pounds revealed that fiber-bound (poly)phenols represented a
significant proportion of the total (poly)phenol content across
diets, accounting for 41.9% in WGB, 31.7% in BB, and 54.5%
in PG. Among the free (poly)phenols, the most abundant com-
pounds were anthocyanins and flavan-3-ols in the three barley

This journal is © The Royal Society of Chemistry 2025
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diets. In contrast, the bound (poly)phenolic fraction was pri-
marily composed of phenolic acids (ferulic acid, p-coumaric
acid, and their derivatives) in all diets (ESI Table 2+).

As observed, the combined amount of (poly)phenols and
arabinoxylans in BB and PG diets were significantly higher
compared to WGB. This difference is likely attributed to the
structural characteristics of each barley fraction rather than
differences in ingredient quantity, as BB and PG together
accounted for the same total proportion of barley-derived
ingredients as WGB. The mechanical disruption caused by
pearling, grinding, and mixing in BB and PG may have
enhanced the extractability and accessibility of these com-
pounds. In contrast, the intact grain structure of WGB may
have restricted the release of bound (poly)phenols and
arabinoxylans.

3.2. Feed consumption and body weight gain

Least square means of body weight gain and feed intake after
adjusting for the initial body weight at T, are given in ESI
Table 3.1 No significant differences were detected in average
body weight gain between diets (p-value of 0.16 for males and
0.25 for females). It is important to note that statistical ana-
lyses of individual feed intake were not possible due to the
lack of individual data; feed intake measurements were taken
on a per-cage basis.

3.3. Serum inflammatory biomarkers

Regarding the inflammatory parameters, when the results
were compared considering both males and females together,
no significant differences were observed between the barley-
based diets and the control diets (SD and RD), except for TNF-
o and LBP, which presented a significant reduction after BB
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and PG supplementation, respectively (ESI Table 41). When
analyzing data by sex (Fig. 2), females supplemented with the
BB diet showed lower levels of IFN-5 (p-value = 0.027) and IL-4
(p-value = 0.047) compared to females fed with SD. Similarly,
both males and females fed with the BB diet had lower levels
of TNF-a (p-value = 0.016 for females, p-value = 0.05 for males)
compared to the SD group (Fig. 2A, C and F). Additionally,
males consuming BB exhibited a significant decrease in plas-
matic CRP levels (p-value = 0.009) compared to SD (Fig. 2B)
and females fed with BB exhibited significant decrease in IL-4
levels (p-value = 0.016) compared to the rice diet (RD)
(Fig. 2C). Moreover, a significant decrease in LBP was observed
in the PG group versus SD in both males (p-value = 0.009) and
females (p-value = 0.009) (Fig. 2F).

3.4. Colon histological and MUC2 immunohistochemical
analysis

Regarding mucins in gut slides, no significant differences
were observed between diets (ESI Fig. 2 and 3f). The mucin
analysis focused on the expression and distribution of MUC2,
a major component of the gut mucus layer. Results indicated
that MUC2 distribution in the gut epithelium remained con-
sistent across all dietary groups, showing that the consump-
tion of different barley fractions did not alter mucin pro-
duction or secretion in the colon.

3.5. Immunohistochemistry for F4/80 in brain

Fig. 3 presents the immunohistochemical analysis of F4/80
expression across different hippocampal regions in mice sub-
jected to the experimental diets. The expression of F4/80 was
found significantly lower in all the hippocampal regions (DG,
CA3, and CA1) of females from the BB group compared to the

-4 (pg/ml)

V72222223
(G

o

F) 2500

LBP (ug/ml)

WGB BB PG sD RD weB BB PG

Fig. 2 Mouse serum protein levels of inflammatory biomarkers. The bars representing males are shown with a dotted pattern, while the bars for
females are displayed with a solid fill. (A) Interferon-gamma (IFN-y), (B) C-reactive protein (CRP), (C) interleukine-4 (IL-4), (D) tumor necrosis factor-
alfa (TNF-a), (E) interleukine-2 (IL-2), (F) lipopolysaccharide binding protein (LBP); SD: standard diet, RD: rice diet, WGB: whole-grain barley, PG:
pearled grain, BB: barley bran; the results are shown as the mean + SEM. Significant differences (p-value < 0.05) are expressed as * compared with

SD; and A compared with RD.
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Immunohistochemical analysis of F4/80 expression (microglial activation) across different brain hippocampal regions—dentate gyrus (DG),

CA3 and CAl1—in mice subjected to SD: standard diet, RD: rice diet, WGB: whole-grain barley, PG: pearled grain, BB: barley bran. (A) Selected brain
hippocampal regions; (B) staining intensity of F4/80 across different dietary groups; (C) quantification of the optical density of F4/80 staining (4x).

Significant differences with respect to the SD group* (p-value < 0.05).

SD group. Similarly, the expression of F4/80 was significantly
lower in females from the WGB group compared to SD. In con-
trast, no significant differences were detected between mice
fed with RD and PG with those fed with SD.

3.6. Microbial diversity and taxonomy in ileum and feces

The overall microbiota composition of ileum content and fecal
samples is displayed at the phylum level in ESI Fig. 4.1 In
ileum, Firmicutes was the most abundant phylum with an
average relative abundance of 89.7%, followed by
Actinobacteriota (4.5%) and Proteobacteria (3.9%). However,
in fecal samples, Firmicutes and Bacteroidetes were the highly
enriched phyla, accounting for 63.0% and 28.4% of the relative
abundance, respectively.

3.6.1. Ileum content. The gut microbial alpha- (observed
and Shannon indices) and beta- (Bray-Curtis distance) diversi-
ties of ileum were assessed at the genus level. Analyses of var-
iance for alpha-diversity indices of rarefied data showed no sig-
nificant differences among the different diets in ileum
(observed: p-value = 0.40 and Shannon: p-value = 0.92).
However, permutational multivariate analysis of variance
(PERMANOVA) based on Bray-Curtis distances indicated that
ileum samples from different diets were significantly different
at the end of the experiment (75) (p-value < 0.001). The differ-
ential abundance analysis of ileum microbiota composition
identified a total of 19 differentially abundant genera across
the five analyzed contrasts (Fig. 4). We observed significant
modulation in the number of genera across different dietary
contrasts as follows: 6 genera in SD vs. barley, 3 genera in RD
vs. barley, 8 genera in WGB vs. PG, 11 genera in WGB vs. BB,
and 6 genera in PG vs. BB.
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3.6.2. Fecal content. Regarding fecal samples, analyses of
variance for alpha-diversity indices of rarefied data showed sig-
nificant differences among the different time points (observed:
p-value < 0.0001 and Shannon: p-value < 0.0001). The alpha-
diversity of fecal samples increased with time, with T, (12
weeks of age) showing the highest diversity (Fig. 5). Diet, on its
own, did not have a significant effect on alpha-diversity
(observed: p-value = 0.40, Shannon: p-value = 0.23). However,
the interaction between diet and time was significant for the
observed (p-value < 0.01) and Shannon (p-value < 0.05)
indices, indicating that the effect of time on microbial diver-
sity depends on the diet consumed. For the observed alpha-
diversity index (Fig. 5A), no significant differences were
detected among time for mice consuming the SD diet. In con-
trast, significant time-related changes were observed in mice
fed barley-based diets (BB, PG, WGB), indicating that these
diets promoted increasing microbial diversity over time.
Regarding the Shannon index (Fig. 5B), no significant differ-
ences were found among time for the SD and WGB diets.
However, significant differences among time were detected for
mice fed with RD, BB and PG diets. These findings suggest
that the type of diet modulates the effects of time on the
microbiota composition of mice and that barley-based diets
modulate microbiota diversity over time, while the SD does
not. In addition, PERMANOVA based on Bray-Curtis distances
further strengthens these findings, by demonstrating that the
overall composition of microbial communities in fecal
samples was significantly different between diets at the end of
the experiment (7,) (p-value < 0.001).

The microbial taxa at phylum level was illustrated among
diets in feces at different time points (ESI Fig. 5T). An increase
in Firmicutes and a decrease in Bacteroidota were observed as

This journal is © The Royal Society of Chemistry 2025
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Corynebacterium 2.56
Coriobacteriaceae UCG-002 2.84 281
Clostridium sensu stricto 1 4.14 221
Candidatus Saccharimonas -2.35
Akkermansia 4.05 -3.47 298

SD - BARLEY RC - BARLEY WGB-PG  WGB-BB PG-BB

Fig. 4 Differentially abundant genera in ileum for the analyzed diet
contrasts. Values represent the log fold change of the differentially
abundant genera with a false-discovery rate below 0.05 and a |log(fold-
change)| > 2. SD: standard diet, RD: rice diet, WGB: whole-grain barley,
PG: pearled grain, BB: barley bran.

the animals aged. These changes in microbial populations
may reflect age-related adaptations in gut function and nutri-
ent utilization. Additionally, barley-enriched diets promoted
greater diversity in minor phyla, such as Proteobacteria,
Verrucomicrobiota and Actinobacteriota, compared to control
diets.

Moreover, there were differentially abundant genera among
diets in fecal samples collected at the end of the study (T3)
(Fig. 6). A total of 39 differentially abundant genera were
identified across the five analyzed contrasts. We observed a sig-
nificant modulation in the number of genera across different

(A

Observed ™~

Time
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dietary contrasts as follows: 13 genera in SD vs. barley,
14 genera in RD vs. barley, 12 genera in WGB vs. PG, 18 genera
in WGB vs. BB, and 23 genera in PG vs. BB.

4. Discussion

In the present study, we investigated the effects of the diet sup-
plementation with whole-grain purple barley and its isolated
fractions on inflammation, as well as their impact on gut
microbiota modulation. The comparison of different barley
interventions revealed distinctive health benefits and
microbial signatures associated with the isolated barley frac-
tions, particularly the bran and endosperm, as compared to
the control diet and the whole-grain barley.

In terms of inflammation, our study revealed that BB led to
a significant reduction in pro-inflammatory cytokines, which
was not observed with the other diets. Specifically, cytokine
analysis showed a reduction in IFN-y, IL-4, TNF-a, and CRP
levels in the BB group compared to SD. These findings under-
score the distinctive anti-inflammatory potential of the iso-
lated barley bran fraction. This effect was initially attributed to
the combined influence of arabinoxylans and anthocyanins,
both present in the bran and recognized for their potential
anti-inflammatory properties.>**®> However, given that the PG
diet contained similar arabinoxylan levels and WGB had even
higher amounts of arabinoxylans and (poly)phenols,
additional factors must be contributing to the observed
effects. Structural differences between dietary sources likely
influence the bioaccessibility of their bioactive compounds.
Previous studies have demonstrated that food matrix compo-
sition and processing techniques such as milling and fraction-
ation play a crucial role in fiber functionality, as structural
modifications can facilitate the release and absorption of bio-
active compounds.”®?” Additionally, although WGB had
higher total (poly)phenol content than BB, differences in
matrix interactions likely influenced their release, absorption,

B

-~

Shannon

Diet
SD
RD

= BB
PG

Time

Fig. 5 Diversity microbiota analyses of fecal samples. Least mean squares of alpha-diversity indices (A. observed; B. Shannon) of fecal samples pre-
sented by time (Ty: 6 weeks of age, T1: 9 weeks of age, and T,: 12 weeks of age) and by diet. SD: standard diet, RD: rice diet, WGB: whole-grain
barley, PG: pearled grain, BB: barley bran. Error bars represent standard errors. Columns lacking a common letter differ (p-value < 0.05).
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Fig. 6 Summary of the differentially abundant genera in feces for the analyzed diet contrasts. Values represent the log fold change of the differen-
tially abundant genera with a false-discovery rate below 0.05 and a |log(fold-change)| > 2. SD: standard diet, RD: rice diet, WGB: whole-grain barley,

PG: pearled grain, BB: barley bran.

and biological activity. Thus, (poly)phenols in BB may have
been more accessible, enhancing systemic effects. This aligns
with studies showing that food matrix composition and pro-
cessing impact (poly)phenol absorption,?®*® with BB’s simpler
structure facilitating uptake, while WGB’s complexity may
reduce bioavailability and anti-inflammatory effects.

The potential effects on neuroinflammation were also
observed, as the BB diet appeared to be associated with a
reduction in microglial activation in key brain regions com-
pared to SD, particularly in the DG, CA3, and CAl. The
improvements were only observed in females, which aligns
closely with the cytokine results. Given the pivotal role of
microglia in neuroinflammatory processes, these findings
suggest that the anti-inflammatory properties of the BB diet
could extend to neuroprotective effects. However, while our
results are in line with previous research,’® indicating that
ACN from purple barley could influence microglial activity and
modulate neuroinflammatory markers, the characterization of
microglial activation in this study was based only on the ana-
lysis of F4/80 expression. F4/80 is widely recognized as specific
markers of murine macrophages and microglia.*"*?
Nevertheless, additional microglial markers, such as IBA-1 or
CD40, would be necessary to confirm and better characterize
this effect.

2396 | Food Funct, 2025, 16, 2389-2400

The sex-specific differences observed in inflammatory
markers can be attributed to hormonal influences, as supported
h.**3* Estrogen and testosterone play distinct
roles in modulating immune responses, with estrogen generally
amplifying immune activity, while testosterone has more immu-
nosuppressive effects. As a result, females tend to exhibit a
stronger inflammatory response compared to males, which is
consistent with the patterns observed in this study.

The observed decrease in LBP levels in mice consuming the
PG highlights its potential role in modulating gut health. LBP is
a biomarker linked to gut barrier integrity and immune
response to microbial products, particularly lipopolysaccharides
from Gram-negative bacteria. Elevated LBP levels indicate an
increased gut permeability and microbial translocation, leading
to systemic inflammation and immune activation.*® Therefore,
the reduction in LBP levels suggests an improvement in gut
barrier function when consuming the pearled barley grain. The
potential mechanism underlying the modulation of LBP levels
by PG may involve its beta-glucan content, as they have been
shown to enhance gut barrier function strengthening the intesti-
nal epithelial barrier and reducing gut permeability.''*°

Regarding the microbiota results, microbiota richness
showed that barley-based diets (WGB, PG, BB) increased gut
microbiota diversity over time. The SD remained stable, while

by previous researc
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RD unexpectedly increased diversity. This effect may be related
to the presence of digestible and resistant starches in rice,
which, despite its refined nature, can serve as substrates for
microbial fermentation, as previously reported in the litera-
ture.>” However, given that microbiota changes in the RD
group were less pronounced than in barley-based diets, this
also suggests a partial influence of age-related adaptations
rather than diet alone. The increase in diversity observed with
barley-based diets can be attributed to the presence of fiber
and bioactive compounds, such as beta-glucans, arabinoxy-
lans, phenolic acids, and ACN. These compounds likely play a
crucial role in fostering a more diverse microbial ecosystem by
providing fermentable substrates. This is consistent with pre-
vious findings,*® which demonstrated that barley food pro-
ducts can influence the composition of gut microbiota, associ-
ated in some cases with metabolic improvements.

In addition to increasing overall microbiota diversity,
purple barley-based diets were found to cause specific changes
in the composition of microbial populations. The differential
abundance analysis of ileum and fecal microbiota revealed sig-
nificant differences when comparing the standard or rice diets
against all barley-based diets. Notably, Lactobacillus was predo-
minant in both the ileum and feces of barley diets compared to
the SD group, while Lachnospiraceae UCG-001 was predominant
in both the ileum and feces compared to both the SD and rice
diets. In feces, in addition to Lactobacillus, other beneficial pro-
biotic genera such as Dubosiella were found to be more abun-
dant after supplementation with barley diets. These findings are
consistent with previous studies showing that barley consump-
tion increases beneficial bacteria.'® These results are in line
with other studies performed with dietary fiber and cereal beta-
glucans.*>*° Lactobacillus is well-known for its beneficial effects
on gut health, including enhancement of the gut barrier, modu-
lation of the immune system, and production of lactic acid
which inhibits the growth of pathogenic bacteria.**
Furthermore, the higher abundance of Lachnospiraceae UCG-001
in feces after supplementation with barley is noteworthy, as this
genus has been implicated in butyrate production.*?

Moreover, the microbiota analysis revealed that both the BB
and PG diets led to distinct changes in gut microbial compo-
sition. BB diet specifically increased the abundance of
Romboutsia and Dorea in both ileum content and feces. These
genera are associated with fiber degradation and butyrate
production.**** These results are consistent with findings
from previous studies, such as those involving black barley,*’
which also demonstrated similar microbial shifts. Also, the
higher abundance of Ruminococcus observed in response to BB
supplementation is particularly noteworthy as it is strongly
correlated with the most important butyrate producers in the
gut.’® Butyrate, a key SCFA, is crucial for maintaining gut
health and is known to inhibit pro-inflammatory cytokine pro-
duction and promote anti-inflammatory responses, which
aligns with the observed reductions in serum markers like
TNF-a, CRP, IFN-y, and IL-4 in the BB group. The modulation
of the gut microbiota by BB could be partly attributed to the
ACN present in purple barley bran, which are known for their

This journal is © The Royal Society of Chemistry 2025
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potential prebiotic effects.?” Although ACN content was the
same in BB and WGB, differences in the structural properties
and matrix interactions of these fractions may have influenced
ACN and other (poly)phenols bioavailability, leading to a
greater impact on microbiota modulation in the BB diet.
Specifically, Dorea has been implicated in ACN metabolism,*®
further suggesting that the observed microbial shifts in the BB
group could be linked to the (poly)phenolic content of the
diet. Unfortunately, the analysis of microbiota composition for
each sex has not been possible due to the limited sample size,
preventing drawing reliable conclusions regarding potential
sex-specific microbial responses.

The differential abundance analysis of gut microbiota also
revealed a specific microbial signature after PG supplemen-
tation. For instance, the genera Akkermansia was markedly
enriched in PG compared to WGB and BB in both ileum and
feces (Fig. 4 and 5). The enrichment of Akkermansia is particu-
larly notable, as this genus has been associated with strong
probiotic effects, including metabolic regulation, immune
modulation and gut barrier protection,*®*® which suggests
potential benefits of PG consumption. This specific effect of
PG may be attributed to the pearling-removing the outer bran
layer and exposing the inner endosperm- which could increase
the accessibility of beta-glucans and potentially making them
more available for fermentation by gut microbiota.’® Also, the
unique microbial profile of the PG diet may be associated with
the significant reduction observed in LBP levels after sup-
plementation with the PG diet. There is strong evidence sup-
porting that Akkermansia may reduce intestinal permeability
and prevent the translocation of harmful bacterial components
like LPS into the bloodstream, reducing the subsequent LBP
production.®* These results highlight the potential of pearled
barley to modulate gut inflammation through beneficial altera-
tions in the gut microbiota. Muribaculum, a major mucin
monosaccharide forager, which plays a key role in maintaining
intestinal homeostasis,’® was also markedly enriched following
PG diet. Specifically, beta-glucans were reported to promote
this homeostasis by increasing the abundance of
Muribaculum.”* Further analysis of the whole metagenome is
needed to investigate differences in microbial functions.

The non-significant findings regarding MUC2 in the gut
imply that the dietary intake of barley, whether whole-grain,
bran, or pearled grain, does not compromise the structural
integrity of the ileum or alter the mucin profile in the gut. The
consistent MUC2 expression across different barley diets
suggests that whole barley and its isolated fractions do not
compromise gut mucosal health. This aligns with existing
research highlighting the critical role of stable mucin pro-
duction, particularly MUC2, in protecting the gut’s epithelial
barrier and maintaining overall gut health.*®

5. Concluding remarks

This study emphasizes the significant health benefits of
purple barley-based diets, particularly barley bran and pearled
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grain, in modulating inflammation and gut microbiota. The
anti-inflammatory effects observed only with the barley bran
diet, are likely influenced not only by its concentration of ara-
binoxylans and anthocyanins but also by differences in food
matrix interactions and processing, which may have enhanced
the bioaccessibility of its bioactive compounds.

All barley diets enhanced gut microbiota diversity, increas-
ing beneficial bacteria like Lactobacillus, Lachnospiraceae UCG-
001, and Akkermansia, which are associated with butyrate pro-
duction and gut health. The pearled barley diet significantly
reduced LBP levels, suggesting improved gut barrier integrity
and reduced systemic inflammation. This effect may be linked
to the promotion of beneficial bacteria, such as Akkermansia,
which help reduce gut permeability. The pearling process
enhances the accessibility of beta-glucans in the nutrient-rich
endosperm, making them more available for fermentation by
gut microbiota.

The whole-grain barley diet was beneficial but less effective
in modulating inflammatory markers, possibly due to its
intact structure, which may limit the bioavailability of (poly)
phenols and fibers. Despite containing higher total levels of
(poly)phenols and arabinoxylans, processing differences influ-
enced their release, absorption, and activity. These findings
highlight the potential of barley fractions, like pearled grain
and isolated barley bran, in improving gut health and protect-
ing against inflammation-related conditions. Future research
should further explore the mechanisms underlying these
effects, including the role of processing in the bioavailability
of (poly)phenols and fiber, and evaluate their long-term health
implications through clinical trials, considering factors such
as age, sex, and metabolic status.

Data availability

The dataset generated and analyzed during the current study is
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